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NOMENCLATURE
A Cross-sectional area of the web
Bf Bearing friction
E Modulus of elasticity
J Polar moment of inertia of the roller
Ki Web span spring constant(EA/Li)
Li Length of thei-th web span
M Mass of the dancer roller
R Radius of a roller
Ti Change in tension from reference
U Dancer translational velocity input
Vi Change in web velocity from reference
X Change in linear displacement of the dancer roller from the reference
b Viscous friction coefficient of the dancer roller
k Spring constant of the spring loading on the dancer mechanism
tr Reference web tension









The term ‘web’ is used to describe materials that are manufactured and processed in contin-
uous, flexible strip form, which is very long compared to its width and very wide compared
to its thickness. Web materials cover a broad spectrum from extremely thin plastics to
paper, textiles, metals, and composites.
Web handling and processing pervades almost every industry today. Web handling
involves unwinding material, feeding it to a processing plant and winding it back into a roll
after processing. It is essential that the web follow a predetermined path amidst rollers in
a longitudinal (along its length) direction at a constant velocity and at a constant tension.
Deviation from this may result in an inferior product quality that may be detrimental to
further processing and the resulting product.
With the need for increased productivity and performance in the web processing in-
dustry, accurate modeling and effective controller design for web handling systems are
essential for increasing the processing speed and the quality of the processed web. It is
important to maintain web tension within the desired limits under a wide range of dynamic
conditions like speed changes, variations in roll sizes, web properties and irregularities.
Tension variations beyond certain tolerance levels affect processes and causes damage to
the web. This can result in wrinkles and may even lead to breakage of the web. The two
main types of tensions that need to be maintained closely are the longitudinal tension and
the lateral tension. This report is based mainly on controlling the longitudinal tension.
The reasons for variations in longitudinal tension can be numerous. These can be cate-
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gorized into two main types. The disturbances that have their sources external to the system
and those that are due to the noise signal in the process itself. Some of these disturbances
are periodic in nature (they repeat at regular intervals) and others aperiodic. This thesis
concentrates on the periodic type of disturbances (mainly sinusoidal disturbances).
1.2 Literature Review
There has been a considerable amount of work done on the attenuation or rejection of ten-
sion disturbances. Attenuation of tension disturbances entering the process section is an
important aspect in printing and converting industry. The ever increasing range of sub-
strates used in today’s packaging industry emphasizes the need for accurate tension con-
trol. Controlling tension within a tight tolerance zone is essential for precise registration
between the tool and the product in printing and converting machines. A commonly used
tension control strategy is to measure the tension in a span upstream to the process section
and use this signal as a feedback for the drive motor. Early development of mathematical
models for longitudinal dynamics of a web can be found in [1–4]. An overview of lateral
and longitudinal dynamic behavior and control of moving webs was presented in [5]. A
review of the problems in tension control of webs can be found in [6].
Considerations in the selection of a dancer roller or load cell based tension control
approach are discussed in [7–9]. The dancer subsystem may be used as a tension mea-
surement device or as a device to attenuate tension disturbances [10]. When the dancer
subsystem is used as a tension measurement device, the displacement of the dancer roller
is measured and the tension in the span is inferred from the measured displacement. In con-
trast, when the dancer subsystem used as a device for attenuating tension disturbances, the
dancer subsystem is designed to absorb tension variations. In an active dancer, an actuator
is used to control the translational velocity of the dancer roller based on the tension mea-
sured by a load cell mounted on a roller downstream to the dancer roller. It is expected that
an active dancer will offer a control engineer with an additional flexibility in controlling
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tension within tighter tolerance zones [11–15].
1.3 The role of dancer rollers in the attenuation of tension variations
The complex kind of disturbances that are experienced by the web processing lines may be




As mentioned earlier, the disturbances may be a combination of two or all three of the
above. Sinusoidal disturbances themselves can be composed of multiple ones of different
frequencies and amplitudes.
Generally a disturbance can be compensated by controlling the speed of the unwind,
rewind or the master speed driven roller. If there is a sinusoidal disturbance having a low
frequency and amplitude, the above three may provide satisfactory attenuation. In all other
cases where high frequency disturbances beyond their scope are encountered, there has to
be a more efficient control strategy to attenuate them.
This is where the dancer rollers come into consideration. A dancer roller mechanism is
constituted of a web roller which is either connected to a fixed support using passive ele-
ments like springs and dampers or is force loaded in opposition to web tension. Irrespective
of the loading, the dancer rollers are free to oscillate in one direction and based on their
degree of freedom, they are classified into translational and rotational dancers. The criteria
for choosing the type of dancers may be a space constraint or a process constraint.
Dancers are commonly used to attenuate tension disturbances caused by uneven rolls,
eccentric rolls, misalignment of idler rollers, and periodic slacks in webs. A dancer mech-
anism may also be used as a feedback in a number of web tension control systems. This
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system is driven by the variation in the position of the dancer mechanism in addition to the
variations in the actual tension from the desired tension.
1.3.1 The Passive dancer system
The aforementioned type of dancers, that are loaded with springs and dampers, are also
called passive dancers on account of the fact that they are composed of passive elements
and lack actuators. Passive dancers can be further divided into two categories, viz. dancer
rollers with passive elements such as springs and dampers and inertia compensated dancer
rollers. Passive dancers are known to act as good tension feedback elements and tension
disturbance attenuators for low speed web lines. They have been seen to have limitations in
dealing with a wide range of dynamic conditions and resonance problems. In inertia com-
pensated passive dancers, the resonant frequency of the dancer roller is mainly determined
by the mass. Thus to increase the frequency range of the tension disturbance that can be
attenuated, the dancer roller mass must be changed. However, the weight of the dancer
roller needs to be twice the reference web tension, which limits any changes to the dancer
roller mass to increase the resonant frequency.
1.3.2 The active dancer system
It is seen that by introducing an active element into a dancer mechanism, more control and
flexibility is obtained in attenuating periodic tension disturbances and over a wider range
of frequencies. An active dancer, effectively, is a passive dancer with the actuator added to
improve its response characteristics. The measure of this improvement is indicated by the
increase in bandwidth in the frequency response plot. The dancer can respond to higher
frequencies of fluctuations in tension thus overcoming the limitation posed by the passive
dancer system.
The focus of this thesis is on modeling and experimental evaluation of a passive dancer
system and an active dancer system for attenuation of periodic disturbance in tension.
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1.4 Thesis Contributions
The contributions of this thesis can be summarized as follows.
• A detailed investigation of how much attenuation can be achieved using a passive and
an active dancer system is made for the web handling system under consideration.
• A system identification for the passive dancer is made on the basis of the concept of
gas springs. A model is proposed.
• One controller is selected to be the best out of the two controllers designed and future
direction of research is suggested.
1.5 Thesis outline
This report is organized as follows.
• The system dynamics and the dynamics of the dancer systems under consideration
are discussed in chapter 2.
• System identification for the passive dancer system with a gas spring is discussed in
chapter 2.
• A detailed description of the traction machine and its components, and a preview of
its computer and controllers is given in chapter 3.
• The results of the experiments run using the passive dancer mechanism for distur-
bance attenuation, based on various factors is presented and conclusions are drawn
in chapter 4.
• The summary of the whole thesis in chapter 5.
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CHAPTER 2
DYNAMIC EQUATIONS AND SYSTEM IDENTIFICATION
A web handling system is a dynamic system for a few reasons, some of which are listed
below.
• There are rollers that are in constant rotational and occasionally translational motion.
Their inertia and dynamic friction come into play during web handling.
• There are operations that the web passes through such as printing, cutting, embossing
etc. that add their own dynamics and disturbances.
• The web itself has some inherent elastic properties and there are dynamics associated
with this elasticity.
• There are noise signals due to electric or magnetic fields around the web machine
that could affect the actuators.
These dynamics create problems like web deformations, wrinkling and breaking, that
are undesirable. In order to have efficient web handling, these factors have to be acknowl-
edged and dealt with appropriately.
The web tension and the web velocity are the two major variables of concern, and these
affect each other, in a very complicated fashion. The equations that relate the two are
non-linear and at higher speeds this dynamics becomes more prominent.
Consider the web shown in the figure 2.1, passing through the two rollers and moving
towards the right. Hereεiv denotes the strain in theith web span due to velocity variations.
It is assumed as a convention that theith web span precedes theith roller. In dancer systems,
6
v v ii-1 ε i εε i-1 i+1v v v





























Figure 2.2: Dancer spans: Unstretched and stretched conditions.
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the strain in web spans adjacent to the dancer roller is due to web velocity variations and
the dancer roller translational movements.





εiv = vi − viεiv − vi−1ε(i−1)v. (2.1)
The web span dynamics and the fact that the net strain in the web upstream and down-
stream to the dancer roller is the sum of the strains due to the web velocity variation and
the dancer movements, is used to derive the tension dynamics.





The material may be considered to be viscoelastic, in which case the tension in the web
will be given by
Ti = EAεi + bLε̇. (2.3)
In this thesis the expression is derived only for the elastic web. The following linearized
expression can be obtained for the spans shown in the figure 2.2.





















Equations 2.4 and 2.5 are nonlinear involving terms such asviti. To obtain linearized
equations around given reference values of web velocity (vr), web tension (tr), and dancer
displacement (xr = 0), let Vi = vi − vr, Ti = ti − tr, andX = x represent the deviations.
Substituting into equations (2.4) and (2.5), we obtain the linearized dynamics of web spans





































Figure 2.3: Active dancer system.T0 is the tension disturbance entering the dancer system,
T2 is the controlled tension, and the translational velocity of the dancer roller,Ẋ1 is the
control input.


















L1 = Initial length of the upstream span
L2 = Initial length of the downstream span
T1 = Tension in the downstream span
T2 = Tension in the upstream span
2.1 The Active Dancer System
The web span developed in the previous section was for a general roller which may not be
uniform with respect to the adjacent rollers. It is convenient to measure the tension in the
spans if the dancer roller is centrally located between the upstream and downstream rollers
9
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Figure 2.4: Interpretation of the effect of span lengths for an active dancer
and the wrap angle on the dancer roller is180 degrees, i.e.,θ1 = θ2 = 90 degrees. Further
the angle of wrap remains equal for the normal and stretched conditions of the web spans.
The non-linearity of the tension dynamics can thus be reduced in terms of the angle of wrap
of the web on the dancer roller. With this observation the active dancer system is considered
as in the given figure. This system consists web spans adjacent to the dancer roller in the
upstream and downstream directions and the three rollers including the dancer roller. All
the variables shown in the schematic represent variations from from their reference values.
It is assumed thatT0 is the upstream tension disturbance that needs to be rejected using the
active dancer system.
The angular dynamics of each roller is given by,
Jiω̇i = −Bfiωi + Ri (ti+1 − ti) , (2.8)
Assuming that there is no slip of the web on the rollers, the web velocity can be given
on each roller asvi = Riωi. Therefore the linearized dynamics of the web velocity on each
roller can be given by
JiV̇i = −BfiVi + R2i (Ti+1 − Ti) , (2.9)
Using θ1 = θ2 = 90 degrees in the equations derived in the previous section and
assuming that the rollers are identical which meansJi = J andRi = R. The dynamic
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equations for the active dancer shown in the schematic are given by
βV̇0 = −γV0 + (T1 − T0) , (2.10)
τ1Ṫ1 = −T1 + T0 + α (V1 − V0) + α
τ1
X + αU, (2.11)
βV̇1 = −γV1 + (T2 − T1) , (2.12)







X + αU, (2.13)
βV̇2 = −γV2 + (T3 − T2) , (2.14)

















Since the value of EA is smaller thattr for most webs, thetr term is neglected in
obtaining the above equations from the ones in the earlier section. The input/output model
is obtained by assuming that the roller bearing friction is negligible (γ = Bf/R2 ≈ 0).
It is also assumed that the moment of inertia of all rollers are the same i.e.,Ji = J
andRi = R for i = 1, 2, 3. The input/output model for the active dancer subsystem can be
derived by considering the translational velocity of the dancer roller (U ) as the control input
and tension (T2) at the roller immediately downstream of the dancer roller as the measured
output. Taking the Laplace transform of equations (2.10)-(2.15) and simplifying, we obtain
T1(s) = G1(s)T0(s) + G2(s)T2(s) + G3(s)X(s) (2.16)
T2(s) = G4(s)T1(s) + G5(s)T3(s) + G6(s)X(s) (2.17)




(βs + γ + α)




((βs + γ)(τ1s + 1) + 2α)
(2.19)
G3(s) =
α(βs + γ) (s + ε1)
((βs + γ)(τ1s + 1) + 2α)
(2.20)
G4(s) =
(βs + γ + α)




((βs + γ)(τ2s + 1) + 2α)
(2.22)
G6(s) =
α(βs + γ) (s + ε)
((βs + γ)(τ2s + 1) + 2α)
(2.23)
Substituting the expression forT1(s) from (2.16) into (2.17) and simplifying results in











whereL(Ti(t)) , Ti(s), i = 0, 1, 2, 3, L(U(t)) , U(s), η , β/α, and
Aad(s) = (ηs + 1)
2, (2.25)
Bad(s) = ηs(τ1s + 1) + 2, (2.26)
Cad(s) = η
2τ1τ2s
4 + η2(τ1 + τ2)s
3 + η(η + 2τ1 + 2τ2)s






















Notice that, ifτ2 > 2τ1, i.e.,L2 > 2L1, then the constant term of the polynomialDad(s) is
negative, which results in a zero in the right-half of the complex plane. This fact forms an












Figure 2.5: Free-body diagram of passive dancer
2.2 The Passive Dancer System
The passive dancer can be treated as an active dancer without the actuator. It is supposed
to have a mass, spring and damper to effect attenuation.
2.2.1 Dynamic Equations
In this section, a complete model of the passive dancer followed by a simplified model is
presented; the simplified model will be used to analyze the action of the passive dancer in
rejecting web tension disturbances.
As a first step, notice that if the dancer roller is passive (that is, no external actuator
is used to position the dancer roller,F = 0; see Fig. 2.5), the equation governing the
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dynamics of the dancer roller is given by
mẌ + bẊ + kX = T1(t) + T2(t). (2.29)
Taking the Laplace transform of the above equation results in
X(s) =
1
(Ms2 + bs + k)
[T1(s) + T2(s)] (2.30)
It may be noticed here that equations (2.16) and (2.17) are applicable for the case of pas-
sive dancer also; in the case of the active dancerX(s) in equations (2.16) and (2.17) is
controlled independently by an actuator, whereas, for the passive dancerX(s) is given by











Substituting (2.30) into (2.16) and (2.17) and simplifying, we obtain
T1(s) = H1(s)T0(s) + H2(s)T2(s) (2.31)
T2(s) = H3(s)T1(s) + H4(s)T3(s) (2.32)
where the transfer functionsH1(s) throughH4(s) are given in the following set of equa-
tions.
H1(s) =
(ηs + 1)(s2 + b̄s + k̄)(
(ηs(τ1s + 1) + 2)(s2 + b̄s + k̄)− β̄s (s + ε1)
) (2.33)
H2(s) =
(s2 + b̄s + k̄)− β̄s (s + ε1)(
(ηs(τ1s + 1) + 2)(s2 + b̄s + k̄)− β̄s (s + ε1)
) (2.34)
H3(s) =
(ηs + 1)(s2 + b̄s + k̄) + β̄s (s + ε)(
(ηs(τ2s + 1) + 2)(s2 + b̄s + k̄)− β̄s (s + ε)
) (2.35)
H4(s) =
(s2 + b̄s + k̄)(
(ηs(τ2s + 1) + 2)(s2 + b̄s + k̄)− β̄s (s + ε)
) (2.36)
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The coefficients of the polynomialApd(s), Bpd(s) andCpd(s) depend on the mechanical
features of the dancers and the properties of the web material. This, in turn, indicates that,
in the case of a passive dancer, the behavior of the tensionT2 is solely determined by the
mechanical features of the passive dancer (the mass of the dancer rollerM , the spring
constantk, and the viscous friction constantb), and the properties of the web material
(Young’s modulusE and the cross-sectional area of the webA).
Equations (2.24) and (2.37) are similar in structure except for the term involving the
dancer velocity input,U(s), in the active dancer input/output model. It is important to note
that settingU(s) = 0 in the active dancer input/output model will not make the equations
(2.24) and (2.37) identical. SinceU(s) is the dancer translational velocity, settingU(s) = 0
would mean that the dancer roller is arrested at a particular position and thus acts as an idle
roller.
Though the linearized model of the passive dancer, presented in equation (2.37), is a
fairly accurate model, it is not clear as to how one would conduct analysis to highlight
the characteristics of the passive dancer using this model. In specific, the dynamics of
the passive dancer is characterized by six independent parameters,viz., b̄, k̄, β̄, τ1, τ2,
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andη. Thus, to analyze the system using classical techniques, such as frequency response
technique, each combination of the six parameters need to be considered to arrive at mean-
ingful conclusions about the performance of the dancer. Such an analysis is cumbersome
and overwhelming. To bring out the inherent features of the passive dancer, a simple, in-
tuitive explanation of the passive dancer is needed. Consequently, to illustrate the tension
disturbance attenuation features of the passive dancer, we will develop a simplified model
of the passive dancer in the following.
Figure 2.5 shows a free-body diagram of the passive dancer roller. Assuming that the
web is mostly elastic and obeys Hooke’s law, the spans adjacent to the passive dancer can
be represented as springs with stiffnessK1 andK2 respectively;K1 = EA/L1 andK2 =
EA/L2. The net tension in span 1 is the sum of the spring force due to dancer displacement,
K1X, and any disturbance,d1, entering the span, sot1 = K1X + d1. Similarly, t2 =
K2X + d2. Notice that if the material of the web is visco-elastic, then the force in the span
may be modeled asK1X + BvẊ where the dampingBv reflects the viscosity of the web
material.
The effect of the air pressure is modeled as a spring forcekX and a damping forcebẊ.
From the free-body diagram, the equation of motion of the passive dancer is obtained by a
force balance in the vertical direction as
MẌ + bẊ + kX = Mg + e,
e , t1 + t2 = (K1 + K2)X + w,
w , d1 + d2.
(2.41)
The reference value ofe is obtained as the sum of tensionst1 andt2 at the reference point:
er = tr + tr = 2tr. To analyze equation (2.41), we represent it by a control block diagram
shown in Fig. 2.6, wherew denotes the tension disturbance andX enotes the displacement
of the passive dancer roller around the equilibrium point.
Equilibrium point here means that the position of the dancer roller when there are no
disturbances, that is, whenw(t)=0. The tension variation around the equilibrium point is
16







Ms   + bs + k2
1
Figure 2.6: An interpretation of the action of passive dancer tension control system.
given by
E(t) , e− er = t1 + t2 − 2tr = (t1 − tr) + (t2 − tr) = T1(t) + T2(t).
The passive dancer attempts to offer a reaction force to minimizeE(t) whenever distur-
bancew(t) appears. From the block diagram, and using equations (2.41), we may write,
E(s) =
Ms2 + bs + k
Ms2 + bs + k − (K1 + K2)︸ ︷︷ ︸
Gpassive(s)
W(s)− K1 + K2
Ms2 + bs + k − (K1 + K2)︸ ︷︷ ︸
Gmass(s)
Mg (2.42)
whereE(s) , L(e(t)) andW(s) , L(w(t)) are the Laplace transforms ofe(t) andw(t),
respectively. Equation (2.42) characterizes the control action of the passive dancer for ten-
sion disturbance attenuation and highlights many important features of the passive dancer.
The next section compares passive and active dancers.
Note that in the absence of a disturbance signal,w, the tensions would remain con-
stant and the sum of tensions, e, can be obtained by equating the terms with the laplace












Figure 2.7: A piston cylinder treated as a spring-damper system
2.2.2 Gas Springs
The dynamic element that the passive dancer system functions on is a piston-cylinder ar-
rangement. The cylinder is pressurized with air and the piston is loaded with the carriage
that carries the roller. The carriage has a significant mass and in this case it is added to the
varying web tension that also acts downwards. This passive element can be treated as a gas
spring that offers a combined effect of a spring and a damper.
The characteristic properties of air and piston-cylinders that are pertinent to the behav-
ior of this system are given below.
• Gas thermal Diffusivity (α).
• Gas specific heat ratio (γ).
• Volume (V).
• Pressure (P).
• Hydraulic diameter: Same as bore diameter for circular cylinders (Dh).
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• Piston area (A).
Gas springs are used to provide a force varying with displacement as do conventional
springs, except that the elasticity is acquired using the compressibility of a gas. In this thesis
air is used as the compressible gas. Like conventional springs, the gas springs exhibit
• A force-distance amplitude relationship.
• A phase shift between the force and the distance that varies with frequency.
• Dissipation of heat energy as a result of the phase shift between force and distance.
In case of conventional springs, there is a region of operation where the spring exhibits
linear dynamics. The gas springs, however, are nonlinear throughout their range of op-
eration. This is because their compressibility is dependent on many factors like pressure,
control volume, temperature and the characteristics of gas used. Despite this inherent non-
linearity, they have an advantage over conventional springs; the properties of the spring
can be varied only by changing one of the aforementioned factors. The overall mechani-
cal setup may stay unaltered. Moreover the type of gas used can be either monatomic or
diatomic, depending on the dynamics required. Air, in this case, can be considered to be
diatomic based on its specific heat ratio (γ).
Due to the inherent nonlinearity, there are linearized models that can be used for run-
ning simulation and experiments. While linearized models can only approximate the per-
formance of the actual model, it is desirable to use the best available linear model. The
model proposed by A. A. Kornhauser (1994) is used in this thesis for modeling the gas
spring.
The schematic and the free body diagram of the gas spring is shown in figure 2.2.2. The









The differential equation for the anelastic model is given by,
F − F0 + b
ka







The input displacement to the system is a sinusoid given byx = x0 + xa sin ωt. The
resulting force has a magnitude and phase with respect to the input that is given by
F̂ =
|F |
















k2i ka + b
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(2.46)






γ − 1 (2.47)


























The plots for the magnitude and phase of the resultant force are shown in figures 2.8
and 2.9.
2.2.3 Mathematical modeling of passive dancer using the gas spring approach
The difference between the gas spring system discussed earlier and the system under con-


























Plot of Magnitude v/s Peclets number



























Plot of Phase v/s Peclets number
Figure 2.9: Phase v/sPeω
ential equation that is derived earlier is modified to the following form.
F − F0 + b
ka






ẋ + mẍ (2.51)














































Considering the initial position and velocity of the dancer to be zero, and the initial

















The parameters in the above transfer function can be calculated as using the expressions
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that follow.













B̂ = 0.072 (for diatomic gases)
Dh = Hydraulic diameter of the cylinder
α = Thermal diffusivity obtained for air from the plot
P0 = 12, 14, 16, 18or20psi
V0 = Total volume of the cylinder, buffer tank and the tube




d = diameter of the cylinder.
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2.3 Controllers for Active Dancer
The controllers that were implemented for disturbance rejection using active dancers, were
the PID and the IMC controllers. These were chosen because the mathematical model of
the active dancer mechanism with the hydraulic actuator was not known.
2.3.1 PID controllers
A PID controller can be written mathematically in the continuous time domain as















where u(t) is the control input to the plant ande(t) is the feedback error signal. The
gainsKp, Kd andKi are chosen appropriately to achieve the desired behavior.
The discrete time version of the PID controller can be written as




















2.3.2 Internal model controller (IMC)
In this type of controller, the internal model of the disturbance, if known, is used for cal-
culating the parameters and gains for the controller. This type of controllers are useful
when some information is available regarding the disturbance (especially the periodic-
ity/frequency).
In this case the periodic disturbance is of the form
d(t) = A sin (ωt + φ) (2.59)
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HereA andφ may be unknown but ifω is known, an internal model controller can be
designed in the form
Gc(z) = Kp +
z−1Kimc sin (ωTs)
1− 2z−1 cos (ωTs) + z−2 (2.60)
The Proportional gainKp takes care of the absolute mean of the disturbance and the
IMC gain,Kimc is used to reject the amplitude of the disturbance.
Effectively the controller tries to negate the effect of the disturbance by introducing a
signal of the same type. There my be a phase difference between the controller sinusoid
and the disturbance, but that can be compensated by a PI controller for the phase embedded
in the IMC controller.
In this case, the disturbance is injected using an eccentric roller, driven by the web. If
the slip between the roller and the web is negligible, then the angular velocity of the roller
is proportional to the linear velocity of the web. The frequency of disturbance can be easily
measured by using a tacho-generator on the eccentric roller, or on the master-speed motor.
The discrete time version of the IMC controller is given by,
U(k) = KpE(k) + E(k − 1) [Kimc sin (ωTs)− 2Kp cos (ωTs)]
+KpE(k − 2) + 2U(k − 1) cos (ωTs)− U(k − 2) (2.61)




The experiments for this thesis are run on an experimental web platform. The figure 3.2
shows the schematic of the experimental machine with the passive dancer and the active
dancer.
The figure 3.1 shows a picture of the actual experimental web platform that is used to
run all the experiments. A schematic representation of the same is shown in figure 3.2.
The platform primarily consists of an endless web line with many rollers, a couple of
web guides for maintaining lateral position of the web and a couple of dancers, viz., an
active dancer and a passive dancer. There are no unwind and rewind rollers, but there
is a motor driven roller also called the master speed roller, that runs the web at speeds
ranging up to 1000 fpm. There is a pneumatically loaded nip roller on the driven roller, that
sandwiches the web between the master speed and itself so as to reduce slip between the
web and the master speed roller. This type of an endless web platform, used exclusively
for research purposes, so as to run experiments without having to use large bales of web
material.
Electro-mechanical components used in this setup such as load cells, velocity and po-
sition sensors, electro-mechanical and hydraulic actuators are all coordinated by a Pentium
450-Mhz computer with a DS1103 PPC controller based on Motorola PowerPC 640e pro-
cessor. For advanced I/O purposes, the board includes a slave DSP subsystem based on
Texas Instruments TMS320F240 DSP micro-controller. The dSPACE software includes a
GUI for managing the dSPACE boards with a source editor.
The focus of this thesis is on a passive dancer mechanism and a motorized or hydrauli-
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Figure 3.1: Experimental Web Platform
26
Figure 3.2: Schematic of Experimental Web Platform
cally actuated active dancer setup. There are load cells mounted on either side of the active
dancer roller and these are used for tension feedback. There is an LDT (Linear Differential
Transformer) used to measure the position of the dancer. This is used for position feedback.
There are two other sets of load cells, one on the roller adjacent to the dancer on the down-
stream (downstream load cell) and the other adjacent to the driven roller on the upstream
of the disturbance roller (disturbance load cell). These are used for monitoring the effects
of the periodic disturbance injected into the system and its attenuation. The achievement
of maximum percentage attenuation of the disturbance is the main aim of this thesis.
3.1 Controller Specifications
The controller is composed of a computer with a Pentium 450-Mhz computer with a
DS1103 PPC controller based on a Motorola PowerPC 640e processor.
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Figure 3.3: Computer Figure 3.4: dSpace Board
3.1.1 The Data Acquisition Board: DS1103 board
The figures 3.3 and 3.4 show the Computer that is loaded with the data acquisition board
and the connector (also a product of dSpace). The computer is equipped with the DS1103
PPC controller is a complete real-time system based on a Motorola PowerPC 640e proces-
sor. It can read from 20 channels through A/D conversion. These channels are numbered
from ADCH1 to ADCH20 on the connector board. It can send output to 8 channels using
D/A conversion. These are numbered from DACH1 to DACH8 on the connector board.
For advanced I/O purposes, there is a slave DSP subsystem included in the board, which is
based on Texas Instruments TMS320F240 DSP micro-controller.
The DS1103 PPC controller board is a standard PC/AT card that can be inserted into a
PC using ISA bus as a backplane.
3.1.2 The dSPACE software
The base dSPACE software includes
• Control Desk software that features a GUI for managing the dSpace boards. A source
editor is included and the source code is written in a C based environment.
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• Microtec Power-PC C compiler Vs 1.8m is required to compile C programs. When
a C program is compiled, a ”FileName.ppc” file is created. This file is then used by
the dSPACE board to read, interpret and send signals from the web handling system.
• The dSPACE Real-time library and the C programming interface. Using this facility,
the values of parameters such as gains and reference positions or tensions can be
varied online.
All the above mentioned components constitute the
3.1.3 Optional software packages
The optional packages include
• A Real-time interface between Simulink and dSPACE hardware.
• Control Desk standard which offers virtual instruments.
• Multiprocessor extension.
• Test Automation.
• MLIB/MTRACE offers interface between MATLAB and dSPACE.
The packages that are regularly used are supplemented by these optional packages.
3.1.4 Program files for running the experiments
In a typical experiment, the files that are included to implement a control algorithm are of
four types. They are
• A C program file (FileName.c): This file consists of three main modules. A module
to initialize the dSPACE board, functions for executing various tasks, which are in-
voked in the interrupt service routine and the interrupt routine that calls the following




3. The Control Algorithm.
4. D/A conversion.
All the functions except the control algorithm are almost identical irrespective of the
nature of the experiment. They are used solely for data acquisition purposes.
• A Layout file: This file serves as a graphical user interface to display data on the host
computer. This file uses virtual instruments that can be dragged onto the control desk
from a panel. Thus this file serves as a communication device between the dSPACE
and the host computer.
• A trace file (FileName.trc): The parameters that are used in the control algorithm are
listed in this file to be viewed in the layout file.
• The file that is created by the system on compilation of the C program. This file
can be intuitively considered to be an executable application. It is automatically
generated on compilation and building of the C program.
All the above files and applications form the whole set of requirements to run a successful
experiment on any electro-mechanical system.
3.2 Web guiding systems
There are two kinds of mechanisms available for the guiding of the web on the machine.
Guiding is very important because due to variations in web velocities and tension, the web
has a tendency to deviate form its path in the lateral direction (towards its sides) and slip














Figure 3.5: Remotely Pivoted Guide and Edge Sensor
The guides are controlled using a PI controller and the feedback is obtained using the
edge sensors that are located immediately on the downstream side of the respective guides.
These edge sensors operate on ultrasonic sensing.
The two guides are found on either ends of the machine and effectively control the
lateral movement of the web thereby keeping it within limits.
3.2.1 Remotely Pivoted Guide (Kamberoller)
The figures 3.2.1 and 3.2.1 show the FIFE Kamberoller with its edge sensor and its schematic
representation. The kamberoller guide is positioned right before the passive dancer between
a couple of idler rollers. It is an assembly of a roller,a roller carriage, a couple of guide rails
on which the guide moves and an electro-mechanical actuator fitted with a motor. There is
an edge sensor that is fitted on the guide assembly itself. It is an infrared sensor and used
for feedback, by the A9 controller of the kamberoller. The details of the A9 controller is
discussed later under a separate heading.
The kamberoller guide is called a remotely pivoted guide (RPG) because the guide
moves along a circular path and the center of the guide is far outside the guide assem-
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Figure 3.6: Offset Pivot Guide, edge sensor and Narroweb DP-01 controller
bly.The radius of curvature of the guide path is much greater than the size of the guide
itself. The roller has an electro-mechanical actuator where the rotation of the motor is con-
verted to linear displacement in the lateral direction. The actuator motor has an in-built
tacho-generator that measures its rotational speed. The kamberoller mechanism is run by
its A9 directly. It may be bypassed and run using a computer. Hence for all practical
purposes in this thesis the A9 is used for control of the kamberoller guide.
3.2.2 Offset Pivot Guide (OPG)
The figures 3.2.2 and 3.2.2 show the offset pivot guide and the narroweb DP-01 controller.
The OPG guide is positioned at the downstream side of the active dancer between two idler
rollers. It is an assembly with two rollers (having smaller diameters), positioned parallel to
each other on a carriage. The whole carriage rotates about a pivoted point. The OPG guide
unlike the kamberoller, has a pivot within its assembly (that is actually beneath one of the
rollers), but is a little offset from its geometric center .
It has a little proximity sensor built into it so as to enable it to position itself in the
center with respect to the web line. The ’OPG center’ is the position at which the rollers of
the OPG are aligned with their axes perpendicular to the web direction.
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3.2.3 The RPG Guide Controller (The A9 Processor)
Figure 3.7: The A9 Controller
The figure 3.7 shows the A9 processor that is used for the FIFE Kamberoller guide.
The A9 processor is a versatile analog controller that can be used to control many closed
loop subsystems individually if their contribution to the overall experiment is negligible.
The significance of the guides discussed above is only for lateral position control of the
web (mainly to avoid the slippage of web out of the rollers). Hence web guiding and lateral
control can be taken care of by the A9 processor.
There are three modes at which the A9 can be operated, viz. manual, auto and servo
center.
3.3 Load cells
The load cells are used in pairs for measuring web tension at three different places along
the closed web loop.
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• One pair on the active dancer roller (Dancer Load cells).
• One pair on the roller immediately on the downstream of the active dancer roller
(Downstream Load cells).
• One pair on the roller immediately on the upstream of the passive dancer roller (Dis-
turbance Load cells).
3.3.1 Dancer Load cells
These are cantilever load cells from MAGPOWR. Their model number is CL2-50 and
are specifically designed for narrow web applications, accommodating cantilevered idler
rollers in processing machines which have only one side frame.
The load cells are ruggedly constructed for long life and dependability with built-in
mechanical overload stops. A full wheatstone bridge strain gauge arrangement is incorpo-
rated in each load cell to provide accurate means of measuring tension. They are designed
to measure tensions up to 50lbs in either direction.
3.3.2 Downstream Load cells
The figure 3.8 shows the pair of downstream load cells that are used to monitor the dis-
turbances that the active dancer attempts to attenuate. These are rugged load cells, used in
pairs for web applications and are capable of measuring loads up to 50 lbs. The position of
these load cells help monitor the attenuation of tension disturbances while the active dancer
is used.
3.3.3 Disturbance Load cells
The figure 3.9 shows the picture of the disturbance load cell pair. The disturbance load cells
are positioned on the downstream of the passive dancer just before the master speed roller.
These can be employed to monitor the disturbances injected into the system from a remote
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Figure 3.8: The downstream load cell
location. These are generally used for measuring the attenuation of tension disturbances
while conducting experiments on the passive dancer.
3.4 Master Speed Roller
The left picture in figure 3.4 shows the master speed roller, the nip roller loaded using the
pneumatic system and a portion of the gearbox used for speed reduction. The picture on
the right shows the control panel with knobs for adjusting the speed of the master speed
and the pressure for the nip roller and the passive dancer. The Motor Driven roller is called
the master speed roller. This roller is directly connected to the motor using a belt drive for
speed reduction. The diameter of the roller is 8 inches and its width is 8 inches as well.
It is also fitted with a tachometer to measure the speed of the motor. There is an analog
controller for the speed control of the motor.
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Figure 3.9: Disturbance load cell
3.4.1 Nip Roller
There is a nip roller that is operated pneumatically and is designed to constantly remain in
contact with the master speed roller. The nip roller is 5 inches in diameter and 8 inches in
width. Its surface is made of soft rubber-like material, so as to increase the area of contact
on the master speed roller. This increases the friction between the web and the master speed
thereby reducing slip.
The nip rollers are pressed against the master speed roller with the aid of a piston and
cylinder mechanism into which air is forced at a set pressure. This pressure could be raised
or lowered using the knobs on the master speed control panel. The air supply is buffered in
the red cylinders as shown so as to reduce the pressure fluctuations. The gas tanks shown
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Figure 3.10: Master speed roller, nip roller, tacho-generator and its control panel
Figure 3.11: Gas tanks for nip roller and passive dancer
in the figure 3.11 are used one each for the nip roller and the passive dancer.
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Figure 3.12: Schematic and Picture of Disturbance roller
3.5 The Idler Rollers
The idler rollers are identical, all of the equal diameter (approx. 5.0 in) and width (8.0 in).
They are made of aluminum and are mounted on their respective shafts using ball bearings.
The shafts are fixed and held on the main frame of the machine.
The rollers are grooved in one way or the other that are shown in the two figures. These
grooves are meant to avoid variations in tensions due to air inclusions. The rollers are not
cambered and are assumed to have negligible bearing friction for control purposes.
3.6 Disturbance Injection in the web line
The figures 3.6 and 3.6 show the disturbance roller and its schematic representations re-
spectively. The arrangement for injecting the disturbance into the system while running
experiments with the active dancer is an idler roller. It is loaded with a strip of rubber that
gives an eccentricity to the web thereby causing a periodic variation in web tension. This is
a way to inject the periodic disturbance into the web line. The active dancer roller is just a
couple of rollers away from the disturbance roller on its downstream side (so as to be most
affected by the disturbance). The strip is secured on the roller using a couple of screws on
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either side.
The web drives the disturbance roller on account of the friction between them. At higher
web tensions (10lbs or greater) there is negligible slip between the roller and the web. So
the period of disturbance can be varied by varying the web velocity. The magnitude of the
disturbance can be varied by varying the thickness of the rubber strip.
For the passive dancer experimental setup there are two options available for injecting
a disturbance. One is using the above mentioned rubber-strip setup, and the other using
the active dancer itself. The actuator that is mounted on the active dancer is can be used
to move the dancer back and forth in various patterns so as to vary the tensions. One
advantage of this mechanism is that the period of variation of tension does not have to be
dependent on the web velocity, as the web does not drive the disturbance.
3.7 Dancers Rollers
The dancer rollers are primarily idler rollers that are mounted on carriages having one
degree of freedom i.e. they are free to move either in translational direction (mounted on
slides) or in rotational direction (hinged on a frame). The type of dancer system is chosen
based on the application requirements, space constraints and other such factors. The types
of dancers that are dealt with in this thesis, are translational. They slide on cylindrical rails.
There is further division on the basis of whether the carriage is loaded with an actuator.
The presence of an actuator for dancer action makes it an active dancer and otherwise a
passive dancer.
3.7.1 The Passive Dancer
The figures 3.14 and 3.13 show the passive dancer and its schematic representations respec-
tively. The passive dancer system that is set up in the machine is composed of two elements
viz., mass of the carriage added to that of the roller and a dashpot into which compressed
air is forced. The compressibility of air and the elasticity of the web may be thought of
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Figure 3.13: Schematic of Passive Dancer mechanism
Figure 3.14: The passive dancer
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as a virtual gas spring. A mass-spring-damper system is formed, which with the aid of its
inherent dynamics, attempts to attenuate the variation in tension.
The passive dancer carriage is mounted on vertical guides and slides up and down with
the gas spring arrangement forcing the dancer in the upward direction. The weight of the
carriage adds to the web tension while opposing the gas pressure. In this thesis the gas
pressure is varied from 12 psi to 20 psi in steps of 2 psi depending on the web tension and
disturbance. There is a buffer cylinder to maintain the pressure within acceptable tolerances
of fluctuations. The angle of wrap of the web around its roller is about 180 degrees. This
is the recommended wrap to simplify the mathematical modeling and aid in calculations.
The buffer cylinders are shown in figure 3.11.
The passive dancer is found to be successful in attenuating periodic disturbances with
low frequencies. Its response is limited to the low frequency disturbances and at frequen-
cies equal to or higher that its natural frequencies, it is a failure. Hence it is said to have a
small bandwidth.
The passive dancer is also constantly subjected to tension variations caused by the Re-
motely pivoted guide when the web moves in the lateral direction. This disturbance is
significant at times and sometimes causes major oscillations.
3.7.2 The Active Dancer
The figures 3.16 and 3.15 show the active dancer and its schematic representations respec-
tively. An active dancer can be utilized for periodic disturbances that have a high frequency
of occurrence (in the order of 2 Hz and above). The periodic disturbance that is consid-
ered in this thesis is injected into the system in the form of roller eccentricity and hence is
directly proportional to the roller velocity which in turn is proportional to the web velocity.
The active dancer though slides back and forth in the horizontally arranged rails. These
rails have very less friction at their contact points with the bearings. The active dancer
carriage has a metal rod attached to it, which used to center it with respect to the total
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Figure 3.15: Schematic of Active Dancer
Figure 3.16: Active Dancer with Load cell and Position Sensor
length of travel using a proximity sensor. This is very useful in cases where there is no
position sensor (LDT)
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3.8 Actuators for Active Dancer
The two types of actuators that the active dancer is driven with. An electromechanical
actuator and a hydraulic actuator.
3.8.1 Electro-mechanical Actuator
The electromechanical actuator has a motor and a belt drive followed by a screwed drive
all in series to achieve the final translational motion,which is given to the carriage of the
dancer.
There is a tachometer integrated with the motor assembly. This is used as a feedback
by the CSP-01 controller that the active dancer is connected to. This may also be used for
velocity feedback by the computer if the controller is bypassed.
There is also a proximity sensor attached to the dancer assembly that with the aid of a
steel rod attached to the dancer carriage, can be used to center the dancer with respect to
the total guide length.
3.8.2 The Electro-Hydraulic Actuator
The figure 3.17 shows the hydraulic actuator. The hydraulic setup is a FIFE Corporation
product. It has an oil tank, a servo valve and a piston cylinder arrangement. The piston is
attached to the dancer carriage.
A three phase motor keeps the pressure of the oil in the system at approximately 500
psi. There is a pressure gauge that measures this pressure and also displays the change in
pressure when the piston is in motion. The oil that is used for its operation is a fluid of
quality AW-32 with a viscosity of 60 to 450 SUS at 100 degree Fahrenheit ( in this case it
is Valvoline W760).
The servo-valve and its schematic are shown in the figures 3.8.2 and 3.8.2 respectively.
The actuator signal from the computer is given to the servo valve, through a signal ampli-
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Figure 3.17: The hydraulic actuator
Figure 3.18: The Moog servo-valve
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Figure 3.19: The CSP-01 controller
fier, which opens and closes appropriately to operate the piston-cylinder mechanism. The
schematic and picture of the servo-valve is shown in the figure. The piston cylinder mech-
anism is a product of Parker cylinders that is as shown in the figure. It is mounted on the
active dancer frame and the piston rod is connected to the carriage.
This valve has a dead zone where equal pressure is given on both sides of the piston in
the cylinder. This results in a dead-lock when zero voltage is given to the servo-valve. The
amplifier is custom made by FIFE corporation called ”FIFE logic control driver”. Its part
number is84666− 01 c− i− 1− 0. A custom made power supply gives DC power to the
amplifier.
There is provision on the piston cylinder arrangement for the LDT that is described in
the earlier section.
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3.8.3 The CSP-01 Controller
The figure 3.19 shows the CSP-01 controller. The CSP-01 controller, also a product of
FIFE, is similar to the A9 controller discussed with respect to the RPG guide. This con-
troller is used for analog control of the tension based on velocity feedback of the electrome-
chanical actuator. It operates in three modes as follows,
• Manual mode where the two push buttons located at the top can be used for moving
the dancer back and forth for manual adjustment of the tension.
• Auto mode where the analog controller of the CSP itself can be put int action. The
gain can be adjusted using the knob located on the right side.
• Servo center mode where the control can be obtained through the line in from a
computer. This is the mode most frequently used for control in this thesis.
It has an in built DC power supply and plugs directly into the AC main supply.
3.9 Web Materials
The figure 3.20 shows the two web materials that were used for running experiments on the
machine. One is an opaque black colored stiff plastic web of very high young’s modulus
and high strength. The other web is a white paper which is more viscoelastic compared to
the opaque web.
The specifications of the web materials that have been used for running experiments are
as listed below.
For the black polythene web,
E = 871, 459 lbf/in.2 (3.1)
EA = 14, 117 lbf (3.2)
Thickness= 0.003 in. (3.3)
Web width= 5.40 in. (3.4)
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Figure 3.20: The webs used for experiments
For the white paper web,
E = 102660 lbf/in.2 (3.5)
EA = 2090 lbf (3.6)
Thickness= 0.006 in. (3.7)
Web width= 6 in. (3.8)
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CHAPTER 4
EXPERIMENTAL RESULTS AND CONCLUSIONS
The experiments that were run on the traction machine for the purpose of this thesis, fall
under the two broad categories.
1. Attenuation of sinusoidal tension disturbances using passive dancer, loaded on an air
spring.
2. Attenuation of sinusoidal tension disturbances using the active dancer, with a motor-
ized or hydraulic actuator.
4.1 Experiments using passive dancer setup
The experiments that were run on the passive dancer setup were run using two webs of
distinct characteristics. The specifications of the webs are listed in chapter 3.
The figures show the attenuation of a periodic disturbance that is sinusoidal. The dis-
turbance is injected using the active dancer actuator. The sinusoidal disturbance in this case
is approximately10 sin ωt lbs.
In the plots, the first 20 seconds of the plot shows the disturbance experienced at the
load cells when the passive dancer is arrested at its mean position. The next 20 seconds
show the disturbance attenuation phase. The difference in the tension variation in these two
phases is the magnitude of rejection attained.
It is observed that the first half of both the set of plots are different despite the fact
that identical disturbance is injected. This is because of the difference in the Modulus of
elasticity (Young’s modulus) of the web materials. The black web is stiffer with a high
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Figure 4.1: Plots showing attenuation using passive dancer at 16 psi and 12 psi respectively
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Young’s modulus and hence transmits more of the actual disturbance to the load cell and
the passive dancer than the white web.
The disturbance frequency is varied from 1 hz. to 3 hz. The passive dancer performance
deteriorates with the rise in disturbance frequency. This trend in the behavior is predicted
using the dynamic equations of the passive dancer mechanism. Every passive dancer is
associated with an inherent natural frequency. When this frequency is approached it oscil-
lates with a large amplitude, thereby delivering a high gain in magnitude. This is the reason
it ceases to attenuate.
4.2 Experiments using active dancer setup
The figures 4.2 and 4.2 show the various frequencies of disturbances for the first 15 seconds
and the attenuation by the active dancer operated using a hydraulic actuator.
The black web material is chosen for running this experiment because it propagates
most of the disturbance through it to the dancer. This is due to the high stiffness it possesses.
At high frequencies though, the magnitude of disturbance seems to reduce.
The controller that is used to attenuate the disturbances is the internal model con-
troller(IMC) controller. This seems to be the most effective of the controllers in this case
primarily because the periodic disturbance here is sinusoidal in nature. There is an internal
disturbance model in the IMC controller that compensates for the disturbance.
At high frequencies the PID controller does not function satisfactorily. The desired at-
tenuation is not achieved; in fact the disturbance gets amplified which is highly undesirable.
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Figure 4.2: Plots showing attenuation using active dancer with hydraulic actuator
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Disturbance % Attenuation in Amplitude
Frequency Passive Dancer Active Dancer
(Hz.) Polythene Web “Tyvec” Paper
1 75 50 -
2 45 20 -
2.5 - - 60
3.2 - - 50
3.8 - - 50
4.5 - - 50
Table 4.1: Percentage attenuation in the periodic disturbance
4.3 Conclusions
The conclusions can be enumerated as follows.
1. The passive dancer observed seen to be performing better at lower frequencies viz.
up to 2 Hz. At higher frequencies either there is no response or there is amplification.
2. The active dancer with the hydraulic actuator is observed to be performing better




SUMMARY AND FUTURE WORK
5.1 Summary
This thesis can be summarized as follows.
• A model for the active dancer is developed using the web dynamic equations.
• A model for the passive dancer is developed using the web dynamics and the concept
of gas-springs.
• A detailed description of the Experimental web platform is presented with all the
transducer calibrations.
• The hydraulic actuator for the active dancer was setup, experiments were run with
sinusoidal disturbances and attenuation achieved up to a frequency of28rad/sec.
• An experimental evaluation of the attenuation achieved by passive and active dancer
is performed.
• A comparative study of the two types of dancers is carried out.
• A comparative study of two types of web material is carried out.
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5.2 Future Work
The future work that can be pursued with this direction of approach is enumerated as fol-
lows,
1. The passive and active dancer approach for attenuating periodic disturbances can be
tried with web materials of various Young’s modulus.
2. A hydraulic actuator with better performance viz. with faster response can be in-
stalled and used.
3. A dual actuator can be used. The hydraulic actuator can be coupled with a piezoelec-
tric actuator where the disturbances are of high frequencies.
4. Other monatomic gases can be investigated for better performance compared to the
air spring viz. helium.
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Experiments on Black polythene web
This appendix contains all the experimental results that were run. The following results are
for the black opaque web.













16 psi, 100 fpm, 20lbs


























Figure A.1: Plots with disturbance attenuation at 100 fpm at 16psi
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16 psi, 100 fpm, 20lbs







































16 psi, 300 fpm, 15 lbs














Figure A.2: Plots with disturbance attenuation at 200 and 300 fpm at 16psi
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16 psi, 400 fpm, 15 lbs














Figure A.3: Plots with disturbance attenuation at 300 and 400 fpm at 16psi
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16 psi, 400 fpm, 20 lbs



























Figure A.4: Plots with disturbance attenuation at 400 fpm at 16psi
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18 psi, 100 fpm, 25 lbs







































18 psi, 200 fpm, 25 lbs

























Figure A.5: Plots with disturbance attenuation at 100 and 200 fpm at 18psi
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18 psi, 400 fpm, 25 lbs

























Figure A.6: Plots with disturbance attenuation at 300 and 400 fpm at 18psi
63













20 psi, 100 fpm, 30 lbs
























































Figure A.7: Plots with disturbance attenuation at 100 and 200 fpm at 20psi
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20 psi, 300 fpm, 30 lbs


























Figure A.8: Plots with disturbance attenuation at 300 fpm at 20psi
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20 psi, 400 fpm, 30 lbs



























Figure A.9: Plots with disturbance attenuation at 400 fpm at 20psi
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APPENDIX B
Experiments on White paper web
The following results are for the white “Tyvec” paper web.







































Figure B.1: Plot with disturbance attenuation at 200 fpm at 12psi
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Figure B.2: Plots with disturbance attenuation at 300 and 400 fpm at 12psi
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Figure B.3: Plots with disturbance attenuation at 100 and 200 fpm at 14psi
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Figure B.4: Plots with disturbance attenuation at 300 and 400 fpm at 14psi
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Figure B.5: Plots with disturbance attenuation at 100 and 200 fpm at 16psi
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Figure B.6: Plots with disturbance attenuation at 300 and 400 fpm at 16psi
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Figure B.7: Plots with disturbance attenuation at 300 and 400 fpm at 18psi
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This appendix contains the calibration of load cells and a tachometer followed by important
functions like Filters and Voltage delimiters that protect the dSPACE board.
C.1 Downstream Load cell calibration
The downstream load cell is supported by an amplifier that gives it power and amplifies its
signals before sending them to the data acquisition board.
The plot obtained after the calibration of the dancer downstream load cell is shown in
the figure.





whereV is the voltage andL is the tension/load in the web.
C.2 Dancer Load cell calibration
The Dancer load cell is also supported by an amplifier. It derives power from the amplifier
and sends signals back to it. The amplifier directly plugs into the 115V AC power supply.
The amplifier is a MAGPOWR product and its amplifier is very robust.
The plot obtained after the calibration of the dancer load cell is shown in the figure.
The equation for the plot is
V = (0.1877)2L− 0.0548
whereV is the voltage andL is the tension/load in the web.
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Figure C.1: Calibration plots for the Downstream and Dancer load cells respectively
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C.3 Disturbance Load cell
The disturbance load cell has an in built amplifier that directly plugs into a 12V DC sup-
ply. It directly gives out the signals to the data acquisition board. There is no external
amplification required.
The plot shown below is obtained after the calibration of the disturbance load cell is
shown in the figure.




















Figure C.2: Calibration plot of Disturbance load cell
The equation for the above plot is
V = (−0.0735)2L + 6.4788
whereV is the voltage andL is the tension/load in the web.
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C.4 Tacho-generator
The tacho-generator is attached to the master-speed driven roller using a roller fixed on its
shaft. It absorbs power from the roller itself and the output voltage is proportional to the
speed of the roller.
The plot obtained after the calibration of the dancer load cell is shown in the figure.
The equation for the above plot is




















Figure C.3: Calibration plot of tacho-generator
V = (−0.0735)2υ + 6.4788
whereV is the voltage andυ is the velocity of the web.
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C.5 Low pass filter
A low pass filter has to be used to filter out the high frequency noises from the feedback
signals. These signals may be from load cells, LDT or the tacho-generator.
Instead of using an RLC circuit, a similar digital filter can be designed and programmed
depending on the frequency of noise to be attenuated. In this case a simple first order filter











1− e−aT z−1 (C.2)
Simplifying back into time domain we get,
Y (z) = Y (z)e−aT z−1 + X(z)
(
1− e−aT ) z−1 (C.3)
y(k) = y(k − 1)e−aT + x(k − 1) (1− e−aT ) (C.4)
The generic C program function for the filter is as shown.











The dSPACE board is designed to only read and send voltages between−10volts and
10volts. So care has to be taken while sending actuator signals from the program to the
board. Hence an output filter is designed to limit the voltages between−9.75volts and
9.75volts.














The thermal diffusivity of air used in calculation of the coefficients of the passive dancer
gas spring transfer function, is found from the plot of Thermal diffusivity vs. temperature.
The points in this plot are values obtained from experiments. The equation for the best
fit trendline is given as
y = 9.1018× 10−11 T 2 + 8.8197× 10−8 T − 1.0654× 10−5 (C.5)
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